We calcu'late bremsstrahlung spectra for intermediate energy heavy ion collisions to see the sensitivity of photon cross sections to reaction dynamics. Modeling the collisions with the intranuclear cascade, we find a clear collective quadrupole bremsstrahlung signal only for heavier nuclei, A )40. Maximum For the theory of bremsstrahlung at intermediate energy, Vasak et al. 5 have constructed a phenomenological model based on classical trajectories. In this Rapid Communication, we shall apply the intranuclear cascade model to this energy domain. Our object is to determine the sensitivity of the photon spectra to the collision dynamics and suggest the most favorable experiments for such bremsstrahlung studies.
Most observables in heavy ion collisions involve the strongly interacting particles and are therefore more sensitive to the final stages of the collision than to the initial stages. To study questions such as the equation of state of nuclear matter which affects only the initial development of the collision, it is desirable to use weakly interacting probes such as photons. Kapusta' suggested probing the dynamics of high-energy heavy ion collisions by the bremsstrahlung photons which are created during the initial slowing down of the colliding nuclei. For the ultrarelativistic domain, a theoretical study was made recently by Bjorken and McLerran. Experiments carried out so far on relativistic collisions have been inconclusive;3 one problem is that photons from m decay make a severe background in the higher-energy photon spectrum. In the intermediate energy domain, preliminary data have been reported by Grosse et al. 4 for the reaction ' C+ ' C and '2C+ SU at an incident energy of 84
MeV/nucleon.
For the theory of bremsstrahlung at intermediate energy, Vasak et al. 5 have constructed a phenomenological model based on classical trajectories. In this Rapid Communication, we shall apply the intranuclear cascade model to this energy domain. Our object is to determine the sensitivity of the photon spectra to the collision dynamics and suggest the most favorable experiments for such bremsstrahlung studies.
The formula for bremsstrahlung may be derived from classical radiation theory. The differential probability to radiate a photon from a source of charge density j(r, t) is given by
In the above equation co, k, and~& denote the frequency, the wave vector, and the polarization vectors of the photon, respectively. We have used natural units h =c=1. Before discussing the numerical evaluation of Eq. (1) it is useful to understand the structure of the result in limiting cases.
Consider first a collision between individual nucleons of the projectile and the target. Initially they move along the z axis towards each other, and after a collision (assumed to be instantaneous in the intranuclear cascade), they move apart at constant velocity. The integral over current separates into two parts, before and after the collision. We add the amplitudes of all the protons and assume that the final velocities are isotropically distributed to throw away the postcollision integrals. In the long wavelength limit, this gives the following expression for the bremsstahlung probability d2p n Z, '«t ' sin'(2e)
which obviously has a dipolar shape. (2) that for nonrelativistic velocities the angular distribution has the characteristics of quadrupole radiation. All previous studies on bremsstrahlung are based on this coherent radiation field.
Although collisions between protons always lead to quadrupole radiation, the proton-neutron collisions can produce incoherent dipole radiation as well. There will be a net current in the z direction if unequal numbers of protons from the projectile and target are involved in the collision. Also, the scattered protons will have a net current in the final state, of fluctuating magnitude and direction. Assuming the scattered protons velocities to be uncorrelated, we obtain in the long wavelength limit an additional contribution to the bremsstrahlung given by 31 2324 %~985 The American Physical Society tuations in the currents during the collision time can contribute to high-frequency radiation, but interfere destructively at low frequency. Thus the interesting information about the heavy ion collision dynamics comes from deviations from the simple formulas above. In order to study the bremsstrahlung process in detail we have carried out a calculation using the intranuclear cascade model of Bertsch and Cugnon. 7 In this model, the entire dynamics comes from nucleon-nucleon collisions, which are assumed to behave as in the free scattering cross section.
The model neglects the Pauli momentum of the nucleus, Pauli blocking of the collisions, and the mean field acceleration of the nucleons. We feel that these effects will be small enough at incident energies of 100 MeV/nucleon so that a calculation omitting them will stil'1 provide a useful orientation. and v + are velocities of the particle before and after each collision. A similar expression to Eq. (6) can be derived for the quantum mechanical bremsstrahlung amplitude in the soft-photon approximation.
The only differences in the amplitude expression within the brackets are that v(+ is replaced by the velocity after photon is emitted, and the denominators contain the small terms k2/2m. The cross section in the soft-photon approximation will differ also because the density of final nucleon states is evaluated at the final nucleon energy after the photon is emitted. We note that the soft-photon approximation is reasonably accurate, having an error of only 25% for 30 MeV photons emitted from 100 MeV NN collisions.
We have performed numerical calculations for various symmetric systems at incident energies of 100
MeV/nucleon, using Eq. (6). The angular distribution is shown for photon energies of 10, 20, and 40 MeV in Fig. 1 by the solid, long-dashed, and dash-dotted curves, respec- Since the coherent quadrupole radiation is more sensitive to the global dynamics of the collision, a central trigger would be very desirable to apply to the bremsstrahlung probe. A central trigger will also reduce the dipole radiation from target and projectile excitation.
The angle integrated energy spectra of the bremsstrahlung are shown in Fig. 2 . All spectra show the general 1/co behavior for photon energies below 20 MeV. At high energies, the spectrum does not show the faster drop we expectl ed, but instead flattens out. This is due to an additional contribution to the incoherent dipole bremsstrahlung, arising from the fluctuations in the current during the collision process. However, the calculation is not reliable much above 20 MeV photon energy. The initial nucleon-nucleon field can act either to increase or decrease the photon radiation, depending on frequency. The quadrupole component does not exhibit this flattening, since it is dependent on the coherence over many particles. Indeed, for the heavier systems, the quadrupole component drops faster than 1/cu. This is due to the finite time and spatial extensions of the collision process, which are the properties of the collision we wish to learn about. Thus the limitations of the INC model are at a higher frequency than is required for our purposes.
In conclusion, our calculation of bremsstrahlung in heavy ion collisons at nonrelativistic energies shows the necessity of using high-Z targets and projectiles to make the coherent part of the cross section dominant. 
